The cardioprotective effect of insulin during ischemia-reperfusion has been associated with stimulation of glucose uptake and glycolysis. Although fatty acids and 5Ј-AMP activated protein kinase (AMPK) are regulators of glucose metabolism, it is unknown what effect insulin has on postischemic function and AMPK activity in the presence of high levels of fatty acid. Isolated ejecting mouse hearts were perfused with Krebs-Henseleit solution containing 5 mmol ⅐ L Ϫ1 glucose and 0, 0.2, or 1.2 mmol ⅐ L Ϫ1 palmitate, with or without 100 U/mL insulin. During aerobic perfusion in the absence of palmitate, insulin stimulated glycolysis by 73% and glucose oxidation by 54%, while inhibiting AMPK activity by 43%. In the presence of 0.2 or 1.2 mmol ⅐ L Ϫ1 palmitate, insulin stimulated glycolysis by 111% and 105% and glucose oxidation by 72% and 274% but no longer inhibited AMPK activity. During reperfusion of hearts in the absence of palmitate, insulin increased recovery of cardiac power by 47%. This was associated with a 97% increase in glycolysis and a 160% increase in glucose oxidation. However, in the presence of 1.2 mmol ⅐ L Ϫ1 palmitate, insulin now decreased recovery of cardiac power by 42%. During reperfusion, glucose oxidation was inhibited by high fat, but insulin-stimulated glycolysis remained high, resulting in increased proton production. In the absence of fatty acids, insulin blunted the ischemia-induced activation of AMPK, but this effect was lost in the presence of fatty acids. We demonstrate that the cardioprotective effect of insulin and its ability to inhibit AMPK activity are lost in the presence of high concentrations of fatty acids. (Circ Res. 2006;99:61-68.) 
T he cardioprotective effect of insulin as part of glucoseinsulin-potassium solution (GIK) was originally identified by Sodi-Pallares et al to reduce the electrocardiographic abnormalities associated with acute myocardial infarction (AMI). 1 Recently, there has been renewed interest in the use of GIK therapy as a metabolic treatment for AMI because both a metaanalysis of previous trials and the ECLA (Estudios Cardiologicos Latinoamerica) trial showed that GIK significantly reduced proportional in-hospital mortality. 2, 3 However the results of this analysis have been recently questioned because of the CREATE (Clinical Trial of REviparin and Metabolic Modulation in Acute Myocardial Infarction Treatment Evaluation)-ECLA randomized controlled trial examining the effect of GIK in patients with ST-elevated myocardial infarction. 4 Patients were assigned to receive either usual care or usual care with a high-dose GIK infusion regimen. That study showed no efficacy of GIK therapy in any of the predefined end points, including mortality, cardiac arrest, and cardiogenic shock. Despite the fact that insulin can suppress circulating fatty acid concentrations, plasma fatty acids levels were never assessed in that study. Therefore, the normal insulin-mediated decrease in plasma fatty acids may not have occurred, which could possibly account for the negative results.
The cardioprotective effect of insulin has been well established in experimental studies in which hearts have been perfused in the absence of fatty acids. [5] [6] [7] This beneficial effect may be attributable either to a direct positive inotropic effect of insulin or to a metabolic effect of insulin, such as stimulation of anaerobic glycolysis to contribute to basal ATP production.
In addition to insulin, AMP-activated protein kinase (AMPK) is also an important regulator of glucose metabolism in the heart. 8, 9 AMPK acts as a cellular fuel gauge, by shutting off energy requiring processes and stimulating energy yielding processes during times of metabolic stress. We and others have shown that AMPK is rapidly activated during myocardial ischemia and is associated with dramatic changes in the control of glucose and fatty acid metabolism. 10 -12 This ischemia-induced activation of AMPK can mimic the effect of insulin on myocardial glucose uptake and glycolysis. 12, 13 However, unlike insulin, AMPK activation is associated with an acceleration of fatty acid oxidation in the heart, which, in turn, leads to a decrease in glucose oxidation. 14 Of potential importance is that we and others have demonstrated that insulin can inhibit the activation of AMPK during both aerobic perfusion and ischemia in the presence or absence of normal concentrations of fatty acids (0.4 mmol ⅐ L Ϫ1 palmitate bound to 3% BSA or 0 mmol ⅐ L Ϫ1 palmitate, respectively); however, recovery of postischemic function was not assessed in these studies. Therefore, insulin may have a salutary effect in ischemia by indirectly inhibiting fatty acid oxidation.
Under normal aerobic conditions, the heart preferentially metabolizes fatty acids, which contribute between 60% and 80% of the energy requirements of the heart. However, during and following most clinically relevant forms of myocardial ischemia, the heart is exposed to high levels of circulating fatty acids. 15 When hearts are reperfused following severe ischemia, fatty acid oxidation quickly recovers and predominates as the main source of mitochondrial oxidative metabolism. 16 -18 This is attributable both to the exposure of the heart to a high concentration of fatty acids as well as to subcellular changes in the control of fatty acid oxidation. 14 During ischemia, anaerobic glycolysis increases and becomes an important source of ATP production that has a role in the maintenance of ion gradients in the cardiomyocyte. 19 However, if the pyruvate from glycolysis is not subsequently oxidized, such as in the presence of high fatty acids, there is a production of both lactate and protons, the latter produced by the hydrolysis of glycolytically derived ATP. This proton production is a major contributor to the intracellular acidosis that is associated with ischemia. 20 The acidosis can lead to a sequelae of adverse events, including accelerated sarcolemmal Na ϩ /H ϩ exchange leading to intracellular Na ϩ and Ca 2ϩ overload, 21, 22 decreased cardiac pressure development, 3 the initiation of cardiac arrhythmias, 23 and decreased response of contractile proteins to Ca 2ϩ . 23 If the pyruvate from glycolysis is aerobically metabolized (ie, glucose oxidation), then lactate and protons are not produced. 24, 25 Despite the importance of insulin, AMPK, and fatty acids in controlling glucose metabolism in the heart, little is known about their interaction during and following ischemia. Recently, Clark et al showed that fatty acids can attenuate the ability of insulin to inhibit AMPK activation. 26 Because fatty acids are elevated in most clinical forms of myocardial ischemia, it is possible that high fatty acids overcome any beneficial effects of insulin during ischemia. 27 Therefore, we investigated the effect of insulin on AMPK activation and myocardial metabolism in the presence of graded concentrations of fatty acids. In addition, we considered the implications of these observations on AMPK activation during ischemia and the effect on recovery of contractile function following ischemia.
Materials and Methods

Animals
The University of Alberta adheres to the principles for biomedical research involving animals developed by the Council for International Organizations of Medical Sciences and complies with Canadian Council of Animal Care guidelines.
Isolated Ejecting Mouse Heart Model
CD-1 mouse hearts (98 mice) were perfused in the working ejecting mode as previously described. 28 Briefly, mice were anesthetized with pentobarbital sodium (12 mg IP), and the hearts were subsequently excised and cannulated via the aorta and left atrium. After equilibration in the Langendorff mode, hearts were switched to the ejecting mode and perfused with modified Krebs-Henseleit solution containing 118.5 mmol ⅐ L Ϫ1 NaCl, 25 mmol ⅐ L Ϫ1 NaHCO 3 , 14 C]glucose, and 3% fatty acid-free albumin. Hearts were perfused in the presence or absence of 100 U/mL insulin, depending on the experimental protocol. The oxygenated Krebs-Henseleit solution contained either no fatty acids (no fat) or 0.2 (low fat) or 1.2 mmol ⅐ L Ϫ1 (high fat) palmitate. The palmitate was prebound to the albumin as described previously. 29 Glycolysis and glucose oxidation were measured by quantitative collection of the 3 H 2 O and 14 CO 2 , respectively, derived from [5-3 H/U-14 C]glucose, as described previously (see the expanded Materials and Methods section in the online data supplement, available at http://circres.ahajournals.org). 24, 29 Spontaneously beating hearts were perfused at a constant left atrial preload pressure of 11.5 mm Hg and a constant aortic afterload pressure of 50 mm Hg for: (1) a 40-minute aerobic perfusion; (2) a 30-minute aerobic perfusion followed by 16 minutes (no fat) or 18 minutes (high fat) of global no-flow ischemia and 40 minutes of aerobic reperfusion; (3) a 30-minute aerobic control; and (4) a 30-minute aerobic perfusion followed by 16 minutes (no fat) or 18 minutes (high fat) of global no-flow ischemia, for an ischemia control (supplemental Figure I) . At the end of the perfusion protocols, the hearts were quick frozen in liquid nitrogen with Wollenberger tongs and stored at Ϫ80°C.
Tissue Preparation for AMPK Activity Assay
Approximately 20 mg of frozen ventricular tissue was homogenized for 30 seconds using a Polytron Homogenizer in 80 L of homogenization buffer containing 50 mmol ⅐ L Ϫ1 Tris-HCl (pH 8 at 4°C), 1 mmol ⅐ L Ϫ1 EDTA, 10% (wt/vol) glycerol, 0.02% (vol/vol) Brij-35, 1 mmol ⅐ L Ϫ1 dithiothreitol (DTT), protease inhibitors (Sigma), and phosphatase inhibitors (Sigma). The homogenates were centrifuged at 10 000g for 20 minutes at 4°C, and the resultant supernatant was used to assay AMPK activity, as previously described, except the synthetic AMARA peptide was used as the substrate. 11
Statistical Analysis
All data are presented as the meanϮSEM. The data were analyzed with the statistical program Instat 2.01 and GB-stat. Two-way repeated-measures ANOVA with a Bonferroni post hoc test was used to evaluate the statistical significance of differences among groups for cardiac power. One-way or 2-way ANOVA with a Bonferroni post hoc test was used to evaluate the statistical significance of differences among groups for the metabolic data. For the AMPK activity data, a t test was used to determine differences between the no insulin and insulin groups at the 3 different time points (aerobic, ischemia, and reperfusion) and then a 2-way ANOVA to determine the difference between the time points. Values of PϽ0.05 were considered significant.
Results
Baseline Aerobic Values in Forty-Minute Aerobic Hearts Perfused in the Absence of Fatty Acids
The addition of insulin to aerobically perfused mouse hearts in the absence of fatty acids caused a significant increase in cardiac power (71Ϯ4 to 87Ϯ6 mJ ⅐ min Ϫ1 , PϽ0.05, for the no-insulin and insulin groups, respectively). Heart rate, cardiac output, and coronary flow did not differ between these groups (data not shown). As expected, insulin also increased glucose metabolism in these hearts, resulting in a 73% increase in glycolysis ( Figure 1B ; PϽ0.05) and a 54% increase in glucose oxidation ( Figure 1C ; PϽ0.05). Insulin also resulted in a 43% decrease in AMPK activity ( Figure 1A ; PϽ0.05).
Immunoblot analysis showed that insulin produces a 3-fold increase in phosphorylation of Akt at Ser473 (supplemental Figure IIA ). Despite this activation of Akt, there was no downstream effect on phosphorylation of AMPK at Ser485/ 491 (supplemental Figure IIB ).
Baseline Aerobic Values in Forty-Minute Aerobic Hearts Perfused in the Presence of Fatty Acids
The addition of insulin to perfused mouse hearts in the presence of either 0.2 or 1.2 mmol ⅐ L Ϫ1 palmitate did not significantly modify cardiac power or any of the other parameters of mechanical function (data not shown). Despite the lack of change in mechanical function, insulin resulted in a 111% increase in glycolysis in the low-fat group ( Figure  2B ; PϽ0.05) and a 106% increase in glycolysis in the high-fat group ( Figure 2B ; PϽ0.05). Insulin also increased glucose oxidation by 72% in the low-fat group ( Figure 2B ; PϽ0.05) and by 273% in the high-fat group ( Figure 2C; PϽ0.05). However, in the presence of both low and high fat, insulin no longer inhibited AMPK activity (Figure 2A ).
Immunoblot analysis also showed that in the presence of high fat, insulin produces a 2.5-fold increase in phosphorylation of Akt at Ser473 (supplemental Figure IA 
Effect of Insulin and Palmitate on Myocardial Metabolism and Functional Recovery During Reperfusion Following Global No-Flow Ischemia
Ischemia and Reperfusion in the Absence of Fatty Acids
Insulin produced a small but insignificant increase in cardiac output and cardiac power and did not significantly change any other parameters of mechanical function of hearts per- fused in the absence of fatty acids during the first 30 minutes of aerobic perfusion (Figure 3 and supplemental Table I ). Similar to the previous aerobically perfused group, insulin increased glycolysis by 73% ( Figure 4A ) and glucose oxidation by 45% during the initial aerobic period ( Figure 4B ).
During reperfusion of hearts following ischemia, insulin produced a 47% increase in the recovery of cardiac power in hearts perfused in the absence of fatty acids (Figure 3A and  supplemental Table I ; PϽ0.05). Insulin effects on glucose metabolism persisted during reperfusion, where a 97% increase in glycolysis was observed ( Figure 4A; PϽ0.05) , as well as a 160% increase in glucose oxidation ( Figure 4B PϽ0.05). Glucose oxidation during reperfusion recovered to the corresponding preischemic value in both the presence and absence of insulin. During reperfusion, a slight reduction in glycolysis in the insulin-treated hearts was observed, although this did not reach statistical significance (Pϭ0.08). Although proton production was increased by 130% by insulin during aerobic perfusion ( Figure 4C ; PϽ0.05), insulin had no significant effect on proton production during reperfusion ( Figure 4C ).
Ischemia and Reperfusion in the Presence of a High Concentration of Fatty Acids
During the initial aerobic period, the presence of insulin did not significantly alter any parameters of mechanical function (supplemental Table II ; PϽ0.05) but produced a 105% increase in glycolysis ( Figure 5A; PϽ0.05 ) and a 274% increase in glucose oxidation ( Figure 5B ). However, during reperfusion in the presence of high fat, the cardioprotective effect of insulin seen in the absence of fatty acids was lost, and insulin now impaired recovery of cardiac power by 45%. (Figure 3B and supplemental Table II ; PϽ0.05). During reperfusion, insulin increased glycolysis by 91% ( Figure 5A ; PϽ0.05) and glucose oxidation by 67% ( Figure 5B; PϽ0.05) . Unlike the no-fat group, glycolysis remained elevated during reperfusion, and glucose oxidation was suppressed by 44% compared with aerobic values (Figure 5B; PϽ0.05) . As a consequence, proton production from glucose metabolism was increased by 92% in the insulin-treated hearts during reperfusion, compared with the no-insulin hearts ( Figure 5C ; PϽ0.05). The addition of insulin suppressed rates of fatty acid oxidation during both the aerobic period and the reperfusion period ( Figure 5D; PϽ0.05) . 
Ischemia and Reperfusion Effects on AMPK Activity
In hearts perfused in the absence of fatty acids and frozen immediately following ischemia, there was a dramatic in-crease in AMPK activity ( Figure 6A ; PϽ0.05) that was inhibited by insulin ( Figure 6A ; PϽ0.05).
In the hearts perfused with high fat, insulin did not have any effect on AMPK activity either during the aerobic perfusion or postischemic reperfusion ( Figure 6B ). In addition, insulin was no longer able to blunt the dramatic rise in AMPK activity that occurred during ischemia in the presence of high fat ( Figure 6B ).
Discussion
A number of previous studies have examined the importance of substrate preference and its relationship to the recovery of cardiac function during reperfusion of severely ischemic hearts. 16 -18,24,30,31 Although insulin, fatty acids, and AMPK all have important effects on both function and metabolism following ischemia, the interaction among these 3 regulators of metabolism has not been examined. In this study, we used the isolated ejecting mouse heart, which is very sensitive to insulin, to examine the effect of insulin and fatty acids on myocardial metabolism, AMPK activity, and functional recovery during reperfusion following ischemia. Using this approach, we made a number of important findings. First, the ability of insulin to inhibit AMPK activity during both aerobic perfusion and during ischemia is dependent on the presence of fatty acids in the perfusate. Second, the cardio- Figure 5 . Insulin stimulates glycolysis and glucose oxidation to a smaller extent during aerobic reperfusion of ischemic hearts perfused in the presence of high fat. Glycolysis (nϭ14 and nϭ16 for no insulin and insulin [100 U/mL], respectively) (A), glucose oxidation (nϭ19 and nϭ16 for no insulin and insulin, respectively) (B), proton production from glucose metabolism (nϭ14 and nϭ14 for no insulin and insulin, respectively) (C), and palmitate oxidation (nϭ4 and nϭ6 for no insulin and insulin, respectively) (D) in isolated ejecting mouse hearts, before and after 16 minutes of global no-flow ischemia. Differences were determined using a 2-way ANOVA with a Bonferroni post hoc test. *PϽ0.05, significantly different from corresponding no-insulin group; #PϽ0.05, significantly different from corresponding aerobic group.
Figure 6.
Insulin blunts ischemia induced activation of AMPK in hearts perfused in the absence of fatty acids, but this effect is attenuated in hearts perfused in the presence of high fat. A, AMPK activity in aerobic, ischemic, and reperfused (nϭ6, nϭ12, and nϭ6, respectively) isolated ejecting mouse hearts perfused in the absence of fat. B, AMPK activity in aerobic, ischemic, and reperfused (nϭ6 per group) isolated ejecting mouse hearts perfused in the presence of high fat. Differences were determined using t test to determine differences between the no-insulin and insulin groups at the 3 different time points and a 2-way ANOVA to determine the difference between the time points. *PϽ0.05, significantly different from corresponding no-insulin group; #PϽ0.05, significantly different from corresponding aerobic and reperfusion group.
protective effect of insulin is lost when hearts are perfused in the presence of high fatty acid levels that are normally seen during and following clinically relevant ischemia. Third, although insulin cannot inhibit AMPK activity in the presence of a high concentration of fatty acid, other downstream effectors of insulin are intact, including its ability to stimulate glycolysis and glucose oxidation.
A recent study by Clark et al examined the effect of fatty acids on insulin inhibition of AMPK in aerobically perfused rat hearts. 26 Those authors confirmed our previous observation that insulin can inhibit AMPK activity. 32, 33 However, they also observed that this effect was lost as fatty acid concentrations were increased. In this study, we reproduced the results in the perfused mouse heart, showing that insulin inhibits AMPK in the absence of fatty acids but loses this ability in the presence of low (0.2 mmol ⅐ L Ϫ1 ) or high (1.2 mmol ⅐ L Ϫ1 ) concentrations of palmitate (Figure 1 and 2) . This high-fat concentration was chosen to reproduce clinically relevant conditions in humans, where ischemia results in an increased efflux of fatty acids into the serum causing a rapid elevation of circulating fatty acids. We have previously characterized this response in adult patients who had undergone an AMI, and free fatty acid concentrations peaked at 1.51Ϯ0.15 mmol ⅐ L Ϫ1 (compared with 0.40Ϯ0.013 mmol ⅐ L Ϫ1 in control subjects). 27 A novel finding of our study is that even though palmitate attenuates the ability of insulin to inhibit AMPK, other downstream signaling pathways of insulin are intact, because insulin activation of glycolysis, glucose oxidation, and phosphorylation of Ser473 of Akt (Figures 1 and 2 and supplemental Figure IIA) was not affected by the presence of fatty acid. This suggests that, in mouse heart, there is a fatty acid-dependent insulin-signaling pathway that modifies AMPK activity and a fatty acid independent insulin-signaling pathway that modifies myocardial metabolism.
These observations are of particular importance, as it has been shown that insulin can inhibit the ischemia-induced activation of AMPK, 34 which would benefit the ischemic and reperfused myocardium by decreasing fatty acid oxidation. However, these previous studies were performed in the absence of fatty acids. It has also been shown that during reperfusion of ischemic hearts oxidative metabolism quickly recovers, but high rates of fatty acid oxidation result in low glucose oxidation rates attributable to the Randle cycle. 24, 30, 31, 35 This reduction in glucose oxidation is detrimental during reperfusion as it contributes to the severity of acidosis in the ischemic and reperfused heart. Ischemia-induced activation of AMPK contributes to the low glucose oxidation rates during reperfusion of ischemic hearts, secondary to stimulation of fatty acid oxidation. 10 Insulin may attenuate these effects by inhibiting AMPK. However, we observed that insulin only inhibited AMPK activity in hearts perfused in the absence of fatty acids. Although insulin only induces a 15% inhibition in AMPK activity at the end of ischemia, we may be missing a larger effect as Beauloye et al showed that ischemia-induced AMPK activation peaks after 10 minutes of global ischemia and decreases with extended ischemic times. 34 Therefore, insulin may suppress AMPK activation to a greater extent at 10 minutes of ischemia where peak activation occurs.
The cardioprotective effect of insulin has been well established in experimental studies. [5] [6] [7] It has been suggested that this effect is attributable to either a positive inotropic effect or to a metabolic effect of insulin, such as the stimulation of anaerobic glycolysis to maintain basal ATP production and to switch the preferred oxidative substrate to glucose, which is a more oxygen-efficient substrate and does not produce the toxic intermediates of fatty acid oxidation. As seen in Figure  3 , we have confirmed that insulin produces a cardioprotective effect in the absence of fatty acids, improving recovery of cardiac power by 47%. The beneficial effect of insulin during ischemia and reperfusion in the absence of fatty acids may be attributable to an acceleration of glycolysis, which would increase the amount of ATP being produced by the heart. In addition, proton production from glucose metabolism was not significantly elevated by insulin in hearts perfused in the absence of fatty acids. Therefore, the beneficial effects of insulin would be 2-fold, by increasing ATP production by the stimulation of glycolysis and glucose oxidation.
A surprising finding from this study is that in the presence of high fat, insulin impaired the recovery of mechanical function during reperfusion. Like the no-fat condition, insulin stimulated both glycolysis and glucose oxidation during the aerobic period and the reperfusion period. However, because insulin produced a greater stimulation of glycolysis than glucose oxidation, there was an increased in proton production from glucose metabolism during reperfusion ( Figure 5 ). This may explain the detrimental effects of insulin during high-fat perfusion. 30, 31 As rates of fatty acid oxidation increase, this increases intracellular concentrations of acetylcoenzyme A (acetyl-CoA), which is an allosteric inhibitor of pyruvate dehydrogenase (PDH). Indeed, the failure of insulin to inhibit AMPK activity may also contribute to this phenomenon. AMPK activation may lead to an acceleration of glucose uptake, thus supplying substrate for glycolysis, but also leads to phosphorylation of acetyl-CoA carboxylase, leading to a decrease in malonyl-CoA levels and an acceleration of fatty acid oxidation, which suppresses glucose oxidation by the abovementioned mechanism (supplemental Table II ).
However, proton production during reperfusion in the high-fat plus insulin group was not increased significantly from values in the no-fat plus insulin group, despite dramatic differences in the effect on insulin on postischemic contractile function. The benefits of insulin on recovery of contractile function in the no-fat hearts may be related to an increase in energy supply to these hearts. The no-fat group may be energy starved and energetically compromised; thus, energy supply would be a better determinant of postischemic contractile function than proton production. Insulin decreased the AMP/ATP ratio during aerobic perfusion and increased ATP at the end of reperfusion in the no-fat group (supplemental Table III ). However, in the presence of high fat, insulin did not change the AMP/ATP ratio during either aerobic perfusion or during reperfusion.
During the preparation of this report, a study by Horman et al was published suggesting that insulin may inhibit AMPK via Akt phosphorylation of Ser485/491 on the ␣ subunit of AMPK, corresponding with a previous report that Akt activity negatively correlates with AMPK Thr172 phosphorylation. 36, 37 Contradictory results were obtained in the present study. The addition of insulin produced an increase in phosphorylation of Akt at Ser473, which is indicative of Akt activity. Despite this apparent activation of this insulinsignaling pathway, there was no downstream inhibition of AMPK in the no fat palmitate group. This difference may be attributable to the use of a supraphysiological insulin concentration of 100 nmol ⅐ L Ϫ1 in the Horman study, compared with a more physiological concentration (0.6 nmol ⅐ L Ϫ1 ) in the present study. The only clinical study to report arterial insulin concentrations after GIK administration was a study of coronary surgery patients with type 2 diabetes. High-dose GIK therapy increased insulin concentrations to 10.3 nmol ⅐ L Ϫ1 following administration. 38 Considerable interest has also focused on GIK in both AMI and cardiac surgery patients. 3, 4 However, the recent large CREATE trial did not show GIK effectiveness. It is possible that the discrepant results may be related to differences in plasma fatty acid levels in the patient population. Despite the fact that some of the benefits of GIK have been attributed to a lowering of plasma free fatty acids, previous trials have not determined what effect GIK has on plasma fatty acids levels post-myocardial infarction or postsurgery. In addition, the time of administration of GIK may play a key role in its efficacy, as the only group in the CREATE-ECLA trial with a trend to improvement was the population that received GIK before percutaneous coronary intervention, and this did reach statistical significance in a more recent trial. 4, 39 In summary, this study demonstrates that the cardioprotective effect of insulin and its ability to modify AMPK activity in the isolated ejecting mouse heart is highly dependent on the concentration of fatty acids present in the perfusate. However, other insulin-signaling pathways, such as modification of glucose metabolism, are still intact in the presence of clinically relevant high concentrations of fatty acids. These findings have important implications in the use of insulin therapy for the treatment of ischemic heart disease. 
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